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Tractable microbial communities are needed to
bridge the gap between observations of patterns of
microbial diversity and mechanisms that can explain
these patterns. We developed cheese rinds asmodel
microbial communities by characterizing in situ
patterns of diversity and by developing an in vitro
system for community reconstruction. Sequencing
of 137 different rind communities across 10 countries
revealed 24 widely distributed and culturable genera
of bacteria and fungi as dominant community
members. Reproducible community types formed
independent of geographic location of production.
Intensive temporal sampling demonstrated that as-
sembly of these communities is highly reproducible.
Patterns of community composition and succession
observed in situ can be recapitulated in a simple
in vitro system. Widespread positive and negative
interactions were identified between bacterial and
fungal community members. Cheese rind microbial
communities represent an experimentally tractable
system for defining mechanisms that influence mi-
crobial community assembly and function.
INTRODUCTION
Although the importance of microbial communities for
ecosystem function and human health is becoming increasingly
clear (Falkowski et al., 2008; Cho and Blaser, 2012), the task of
dissecting the formation and function of these communities
remains extremely difficult. Microbial communities are often
challenging to manipulate experimentally due to high species di-
versity, low culturability, and an inability to easily simulate their
natural environment (Jessup et al., 2004; Rappe´ andGiovannoni,
2003). As a result, the mechanisms that underlie the assembly of
microbial communities remain poorly characterized (Nemergut
et al., 2013). Thus, in addition to advances in the direct study
of complex microbial communities in situ, identification and
characterization of experimentally tractable model ecosystems422 Cell 158, 422–433, July 17, 2014 ª2014 Elsevier Inc.could facilitate work toward a mechanistic understanding of
community formation in much the same way that the study of
model organisms such as Escherichia coli and Saccharomyces
cerevisiae has allowed mechanistic insight into molecular and
cellular biology.
Multispecies microbial communities that form during the pro-
duction of fermented foods represent one set of potential model
ecosystems. Foods such as beer, wine, bread, pickled vegeta-
bles, chocolate, and cheese all involve the reproducible meta-
bolism of substrates by microbial communities (as reviewed in
Sieuwerts et al., 2008). These communities often form under
controlled conditions in discrete units, which allow for the mea-
surement and manipulation of migration into the community,
environmental conditions, andgrowth substrates.Many replicate
communities are produced and are easily sampled at various
stages, which can allow study of temporal dynamics of commu-
nity formation. Finally, because these communities are repro-
ducibly cultivated on a known substrate, conditions for isolating
community members and recreating community formation in
the lab can be designed to closely resemble conditions in situ.
In the production of traditionally aged cheeses, a biofilm,
commonly known as a rind, forms on the surface of the cheese
as it ages (Figures 1 and S1 available online). Previous work has
provided a preliminary view of the microbial diversity of rinds
from a limited number of artisan cheeses; these rinds are
composed of a collection of bacterial and fungal species that
come from rawmilk, starter culturesaddedby thecheesemakers,
the aging environment, and in some cases, unknown sources
(Fox et al., 2004; Quigley et al., 2013). Rind biofilms have similar
properties to the multispecies biofilms that colonize the surfaces
of diverse environments (Hall-Stoodley et al., 2004) and provide
an opportunity to study the processes andmechanisms involved
in multispecies biofilm formation. Because humans manipulate
both stochastic (e.g. dispersal) and deterministic mechanisms
(e.g., biotic and abiotic factors) of cheese rind microbial commu-
nity assembly, we hypothesized that these communities could be
developed for the study of microbial diversity in situ and experi-
mental dissection of patterns of diversity in vitro.
Here, we present a large-scale in situ characterization and
in vitro reconstruction of the microbial communities from cheese
rinds. We use high-throughput sequencing of these multispecies
communities to examine taxonomic diversity and functional
Figure 1. Microbial Communities Form on the Surfaces of Naturally Aged Cheeses
Cross-sections through naturally aged cheeses show rind biofilms growing on the surface of the cheese curd.
(A–C) (A) A bloomy rind biofilm, (B) a natural rind biofilm, and (C) a washed rind biofilm.
See also Figure S1.potential and to reveal temporal patterns of community assem-
bly. We demonstrate that these communities are composed of
phylogenetically diverse bacteria and fungi that can be easily
cultured. Using a culture-based system that mimics the normal
conditions of community formation, in vitro communities can
be manipulated based on environmental changes predicted
from in situ measurements, coculture experiments reveal wide-
spread bacterial-fungal interactions, and the temporal dynamics
of community assembly can be reconstructed using a minimal
set of species. Collectively, our work suggests that this system
has the potential to bridge in situ and in vitro studies of microbial
diversity to better understand the patterns and underlying mech-
anisms of microbial community assembly and function.
RESULTS
Rind Type and Moisture, Not Geography, Correlate with
Microbial Diversity of Rind Communities
Because cheesemaking spans continents and encompasses a
variety of cheese styles, widespread sampling of in situ patterns
of rind microbial diversity could reveal major factors influencing
community formation across geographic and environmental gra-
dients. We used PCR-based amplicon sequencing to charac-
terize the bacterial and fungal diversity of 137 different cheeses
made in 10 different countries across Europe and the United
States. For each cheese type, triplicate wheels were sampled
(n = 362), and data on sample origin (geography and animal),
milk treatment (raw or pasteurized), pH, moisture, and salinity
were recorded (Table S1).
Across all communities sampled, only 14 bacterial and 10
fungal genera were found at greater than 1% average abun-
dance (Figures 2 and S2 and Table S2A). The number of these
dominant genera (those >1% average abundance) per sample
is on average 6.5 bacterial genera (range: 1–13) and 3.2 fungal
genera (range: 1–7). Given the dominance of a limited number
of genera, it might be expected that the majority of the commu-
nity would originate from starter cultures (Figure S1). However,
on average across all samples, we find that at least 60% of the
bacteria and 25% of the fungi present are not starter cultures
and therefore originate from environmental sources (Table S2A).
For most uninoculated microbial groups, their function in the
context of the community or in the production of cheese is largelyunexplored. For example, we identified two bacterial genera, Ya-
niella and Nocardiopsis, that have never been reported in food
microbial ecosystems. We also find that halotolerant g-Proteo-
bacteria such as Vibrio, Halomonas, and Pseudoalteromonas
that are typically associated with marine environments (Holm-
stro¨m and Kjelleberg, 1999; Reen et al., 2006) are widespread
in cheese communities (Figure 2). Previous studies identified
these g-Proteobacteria in individual cheeses (Bokulich andMills,
2013; Mounier et al., 2009; Feligini et al., 2012; Quigley et al.,
2012), but our large-scale survey demonstrates that they occur
in cheeses made in all of the geographic regions where we
sampled. One possible source of these marine microbes is the
sea salt used in cheese production, as marine g-Proteobacteria
have been detected both in brine tanks of cheese production
facilities (Bokulich and Mills, 2013) and in sea-salt-producing
areas in Korea (Na et al., 2011).
Many of the 24 dominant genera that we identified are widely
distributed across the samples, but their abundance within each
rind community is variable (Figure 2). This divergence in com-
munity composition is best explained by the rind type of the
cheese (washed, bloomy, and natural; PERMANOVA pseudo-
F = 16.64, p < 0.001) (Figure 3A), whereas country of origin,
milk treatment, or milk source are only weakly associated with
community divergence (Figure S3A). These three rind types
are a result of three main approaches to aging cheese (Fig-
ure S1) (Fox et al., 2004). Bloomy rind cheeses, such as Brie
and Camembert, are heavily inoculated with fungi to create a
dense rind that is usually white in appearance (Figure 1A). Nat-
ural rind cheeses (Figure 1B), such as clothbound cheddars,
St. Nectaire, and Tomme de Savoie, are largely untouched dur-
ing aging. Washed rind cheeses (Figure 1C), such as Taleggio,
Gruyere, and Epoisses, are initially produced in a manner similar
to bloomy or natural rind cheeses but are then washed repeat-
edly during aging with a salt solution. The hybridization of styles
in washed rind cheese aging may explain why the composition
of these cheeses is interspersed throughout the bloomy and
natural rind communities (Figure 3A).
If the microbes that colonize rind communities are dispersal
limited, diversity could be shaped in part by stochastic pro-
cesses; cheesesmade and aged in the same geographic regions
would have more similar community composition than those
aged further apart. However, across our entire data set forCell 158, 422–433, July 17, 2014 ª2014 Elsevier Inc. 423
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Figure 2. Distribution of Abundant Genera across Cheese Rind Communities
Columns show relative abundance of genera within each cheese. Each column represents averaged data for multiple wheels of an individual cheese. Top row
shows bacterial (16S rDNA) data and bottom row shows fungal (internal transcribed spacer or ITS) data. Communities were clustered using a UPGMA tree, and
asterisks indicate clusters that were supported with >70% jackknife support. Only those genera that had an average abundance of 1% or greater across all
samples are indicated; genera less than 1% abundance are combined and shown in black. See also Figure S2 and Tables S1 and S2.Europe and the United States, community composition is not
significantly correlated with geographic distance (Mantel r =
0.04, p = 0.07; Figure S3C). In fact, cheeses made in geograph-
ically distant parts of the world can have strikingly similar rind
communities (Figure S3B), demonstrating that these microbial
communities can assemble reproducibly regardless of the
cheesemaking region.
In contrast to a limited role for geography, environmental condi-
tions do correlate with variation in community composition. Dur-
ing the process of aging cheeses, surface moisture, pH, and
salinity are carefully controlled (Beresford et al., 2001), and
someof these variables are significantly different across the three
rind types (Figure 3B). We find that moisture is the best predictor
of rind community composition, with principal coordinate one
(PC1) being significantly associated with the gradient in surface
moisture measured across natural, washed, and bloomy rind
cheeses (r2 = 0.35, p < 0.0001; Figure 3C). This association be-
tween moisture and composition is also supported by Mantel
tests, in which rind biofilm moisture (Mantel r = 0.21, p <
0.001)—and to some extent pH (Mantel r = 0.06, p = 0.02), but
not salinity (Mantel r = 0.02, p = 0.57)—are correlated with
community composition. Dominant genera show contrasting re-
sponses to this gradient in surfacemoisture. The fungusGalacto-
myces and four genera of Proteobacteria, both found in high
abundance on moist bloomy rinds (Figure S2C), are positively
correlatedwithmoisture (Figure 3D),whereas several other fungal
and bacterial taxa (Scopulariopsis, Aspergillus, Actinobacteria,424 Cell 158, 422–433, July 17, 2014 ª2014 Elsevier Inc.and Staphylococcus), which are abundant on dry natural rinds
(Figure S2C), are negatively associated withmoisture (Figure 3D).
Abiotic conditions have a strong influence on rind community
diversity, but interactions amongmicrobes could also play a role.
We used our independent bacterial and fungal amplicon data
sets to quantify co-occurrence patterns across individual bacte-
rial and fungal genera and found evidence for both strong
positive and negative associations (Figure 3E). These could be
explained by positive or negative interactions among species
and/or shared environmental niches. Total community composi-
tion, as measured by Bray-Curtis dissimilarity, is correlated be-
tween our bacterial and fungal data sets (Mantel r = 0.20, p <
0.001). A measure of community richness, the total number of
bacterial and fungal community operational taxonomic units
(OTUs, or clusters of closely related sequences) is also corre-
lated (r2 = 0.13, p < 0.001; Figure 3F), suggesting that species
interactions or environmental factors select for communities
with similar compositions.
Metagenomics Reveals Putative Functions of
Uninoculated Organisms in Cheese Rind
Microbial Communities
In addition to understanding how taxonomic diversity varies with
rind type, we investigated functional potential among cheese
rind communities. Shotgun metagenomic data revealed an un-
even distribution of reads mapping to fungi versus bacteria
across the three rind types, with lower abundance of fungi in
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Figure 3. Abiotic and Biotic Drivers of Rind Community Composition
(A) A combined data set of 16S rDNA and ITS amplicons was processed in QIIME, and Bray-Curtis dissimilarity was used to generate a principal coordinate
analysis of rindmicrobial communities. Each green, orange, or blue circle represents averaged community composition data for each natural, washed, or bloomy
rind cheese sampled. Separation of rind communities is driven by genera that are specifically enriched in each of the three rind types (Table S2B).
(B) Bloomy, natural, and washed rind cheeses have different surface environments. Bars represent mean (± SE). A double asterisk indicates significant differ-
ences (p < 0.005) in an ANOVA. NS, not significant (p > 0.05).
(C) Plots of PC1 versus three environmental variables show that moisture is significantly correlated with rind type.
(D) Taxonomic groups show different responses to gradients in moisture across cheese rinds. A plot of Pearson’s r depicts significant (p < 0.05, with false
discovery rate correction) negative and positive correlations between abundance of particular genera and percent moisture.
(E) Spearman rank correlations highlight nonrandom associations between bacterial and fungal genera. Significant (p < 0.05, adjusted for multiple comparisons
using Holm’s method) positive and negative associations are indicated with a bold boundary.
(F) Fungal and bacterial richness are positively correlated across cheese rind communities. Each dot represents mean fungal and bacterial OTU (operational
taxonomic unit, or clusters of closely related sequences) richness per cheese. All OTUs found at >0.005% average abundance were included.
See also Figure S3 and Tables S1 and S3.washed rind cheeses (Figure S4A). As with taxonomic diversity,
functional potential clusters by rind type and is correlated with
moisture (Figure 4A). Unlike taxonomic diversity, functional po-
tential is also correlated with pH. We identified metabolic path-
ways that were enriched in washed, natural, or bloomy rind
cheeses (Figure 4B and Table S4A). We found several pathways
associated with flavor production significantly enriched in
washed rind cheeses. This group of cheeses is notorious for hav-ing particularly pungent aromas (Fox et al., 2004). Cysteine and
methionine metabolism, known to contribute to the production
of volatile sulfur compounds such as methanethiol, are enriched
in these communities. Pathways for valine, leucine, and isoleu-
cine degradation, which can contribute to sweaty and putrid
aromas, are also enriched in washed rind cheeses (Table S4A).
The widespread distribution and high abundance of marine-
associated g-Proteobacteria, enriched in both washed andCell 158, 422–433, July 17, 2014 ª2014 Elsevier Inc. 425
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Figure 4. Functional Diversity of Cheese Rind Microbial Communities
(A) Procrustes analysis shows similar clustering of samples (M2 = 0.391) using either taxonomic (amplicon) or functional (whole-genome shotgun sequencing,
WGS) data from 22 rind metagenomes. Plots of principal coordinate one versus environmental data (smaller ordination plots) reveal significant relationships
between functional composition and both moisture (r2 = 0.29, p < 0.01) and pH (r2 = 0.41, p < 0.001).
(B) Relative abundance of 56 KEGG Ortholog (KO) groups identified by LEfSe as significantly enriched in bloomy, natural, or washed rind cheeses. Plotted are
those pathways that were >1% abundance across the entire data set. Each column represents a pathway and plotted is the relative distribution of that pathway
across the three different rind types. KEGG Pathway annotation is shown below, and there are two distinct ‘‘Other Eukaryotic Pathways’’ present in bloomy and
washed rind cheeses.
(C) Maximum likelihood phylogeny of amino acid sequences of methionine-gamma-lyase (MGL), methionine-alpha-deamino-gamma-mercaptomethane-lyase
(MGMML), cysteine gamma-lyase (CGL), cysteine beta-lyase (CBL), and cysteine gamma-synthase from prokaryotic and eukaryotic organisms. Colored dots
indicate habitats where organisms are found. Node labels indicate bootstrap support; only those with >60% support are shown. Threemgl sequences with high
similarity to the marine bacterium Pseudoalteromonas haloplanktis were recovered from three cheese metagenomes (highlighted in gray box).
See also Figure S4 and Table S4.bloomy rind cheeses (Table S2B), was an unexpected finding
in our survey of taxonomic diversity. We used our shotgun meta-
genomic data to explore the functional potential of these mi-
crobes in cheese rind communities. The enzyme that converts
methionine to methanethiol, methionine-gamma-lyase (MGL)
[EC:4.4.1.11], is a key step in the production of sulfur com-
pounds in cheese (Fox et al., 2004). However, to date, a
cheese-associated mgl gene has only been identified in Brevi-
bacterium linens (Amarita et al., 2004; Monnet et al., 2010;
Schro¨der et al., 2011). Our metagenomic sequencing uncovered
previously undescribedmgl sequences with high sequence sim-
ilarity to various g-Proteobacteria in cheeses from both Europe426 Cell 158, 422–433, July 17, 2014 ª2014 Elsevier Inc.and North America (Table S4B). Several of these previously
undescribed mgl sequences belonged to Pseudoalteromonas
spp. (Figures 4C and S4B). We mapped metagenomic reads
from three cheeses in which Pseudoalteromonas was abundant
to the reference genome of Pseudoalteromonas haloplanktis
(99.5% pairwise identity, Table S4C). Additionally, Pseudoalter-
omonas is known to have many cold-adapted enzymes that
function in the polar seawater where this bacterium typically
grows (Me´digue et al., 2005). These enzymes could be advanta-
geous in the cold environments where cheeses are aged and
stored. From our metagenomic reads, we identified homologs
of a previously characterized secreted cold-adapted lipase and
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Figure 5. Reconstruction of Divergent Rind Communities In Vitro
(A) Principal coordinates analysis of replicate in vitro communities demonstrates that rind microbial communities diverge in composition when exposed to abiotic
manipulations (PERMANOVA pseudo-F = 19.23, p < 0.0001). The bloomy treatment (addition of 50 times more Galactomyces CFUs to initial inoculum) did not
significantly alter community composition compared to control communities (p = 0.20).
(B) Relative abundance of the bacterial (top) and fungal (bottom) taxa in the initial inoculum added to all treatments and at the time of harvest for control, bloomy,
natural, and washed rind treatments.
(C) CFUs of bacteria (top) and fungi (bottom) in the final communities. A double asterisk indicates significant differences (p < 0.005) based on Tukey’s honestly
significant difference test. Bars represent mean (± SE).
See also Figure S5 and Table S5.protease (de Pascale et al., 2008, 2010) (Table S4C), which could
contribute to lipolysis and proteolysis and subsequent flavor
formation in cheeses. Collectively, these metagenomic insights
into the potential function of Pseudoalteromonas suggest that
this and other uninoculated yet abundant microbes could play
key roles in cheese rind microbial communities.
Cheese Rind Communities Are Highly Culturable
One major limitation in the study of most microbial communities
is the difficulty in culturing all abundant taxa and recreating
ecologically relevant conditions for use in experimental systems
(Jessup et al., 2004). A number of cheese-rind-associated
genera have previously been cultured using standard lab media
(Brennan et al., 2002; Mounier et al., 2009). From serial dilutions
of representative rind samples used in the amplicon survey,
we were able to culture at least one representative isolate from
each of the 24 dominant genera observed by sequencing
(Table S2A).
Reconstruction of Communities In Vitro Confirms
the Importance of Abiotic Manipulations on
Community Divergence
Our amplicon survey of microbial diversity suggested that a
common pool of cheese rind microbes exists across many
geographic regions and that local manipulations of the abiotic
environment by cheesemakers select for specificmicrobial com-
munities. Many studies have shown that the composition of mi-
crobial communities is strongly associated with environmental
variables (Fierer and Jackson, 2006; Hanson et al., 2012; Lozu-
pone and Knight, 2007). However, experimentally demonstratingthat abiotic factors lead to divergence in community structure is
difficult, often because not all microbes in the community are
culturable (Rappe´ and Giovannoni, 2003) or because the com-
munity is prohibitively complex. Using the culture collection
described above, we proceeded to test whether divergent com-
munities could develop from a common pool of species using an
in vitro system. We inoculated the surface of replicate in vitro
cheeses with a community consisting of 200 cells each of 6
bacterial species and 5 fungal species (Figure 5). These repre-
sent the most abundant taxa present on each of the three rind
community types. We manipulated the environment of these
initially identical in vitro communities by applying four treat-
ments: (1) a bloomy rind treatment in which the fungus Galacto-
myces was added at 50 times higher initial inoculum to simulate
the high fungal inoculum added to bloomy rind cheeses, (2) a
washed-rind treatment in which the community was washed
twice a week with a sterile 20% NaCl solution, (3) a natural rind
treatment in which the communities were subjected to a drier
environment (62% final moisture of the medium compared to
83% in plates that were not dried), and (4) a control group in
which no manipulations were carried out after initial inoculation.
After a 4 week incubation at 12C, the washed and
natural communities diverged in composition from the control
(PERMANOVA pseudo-F = 19.23, p < 0.0001; Figure 5A),
whereas the bloomy treatment did not (p = 0.20), suggesting
that our abiotic manipulations had a greater impact on commu-
nity composition than altering initial inputs of a dominant fungal
component of the bloomy rind community (Galactomyces).
Some patterns of microbial abundance observed in the final
in vitro communities mirror patterns observed in our ampliconCell 158, 422–433, July 17, 2014 ª2014 Elsevier Inc. 427
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survey. Moisture was strongly associated with variation in com-
munity composition, with the dry environment of the natural rind
treatment enriching for the yeast Debaryomyces, the bacterium
Staphylococcus, and the mold Penicillium (Figures 5B and S5B
and Table S5), which are all highly abundant in natural rind
communities (Figure S2B). The decrease in moisture leads to
an increase in salt concentration both in situ (Figure S3D) and
in vitro (Figure S5A), and these bacteria and fungi are all known
to tolerate high salt and low moisture conditions (Fox et al.,
2004). The fungus Galactomyces was only abundant in the
higher-moisture in vitro samples (Figures 5A and S5B), matching
patterns observed on cheese rinds where this microbe was
positively correlated with moisture (Figure 3D). Consistently
lower fungal abundance was observed in situ in washed rind
communities (Figure S4A), and a similar pattern of reduced
fungal abundance was observed in our in vitro experiments
(Figure 5C).
Bacterial-Fungal Interactions Are Widespread among
Community Members
Our analysis of in situ sequencing data suggested widespread
positive and negative associations among bacterial and fungal
genera (Figure 3E). To experimentally measure the frequency,
type (positive or negative), and strength of bacterial-fungal
interactions, we cocultured the most abundant fungi and bacte-
ria in pairwise combinations in vitro. Many bacteria had strong
growth responses, both positive and negative, to the presence
of fungi (Figure 6A). Several bacteria grew poorly without the
presence of a fungal partner (Corynebacterium, Halomonas,
Pseudomonas, Pseudoalteromonas, Vibrio), demonstrating that
the cheese environment may be unable to support growth of
some bacteria, a deficiency rectified by the presence of several
different genera of fungi.
Because both our in vitro medium and fresh cheeses have a
relatively low pH before rind development occurs, usually in
the range of pH 5.0 (Fox et al., 2004), we examined the role of
pH in the growth of our isolates in vitro. Many previous studies
have shown the rind pH increases during rind development,
with yeasts playing a major role in deacidification (Fox et al.,
2004; Mounier et al., 2008). In agreement with this previous
work, we observed that yeasts and filamentous fungi deacidify
the cheese curd agar (Figure 6B). This deacidification could
be a mechanism underlying the positive growth responses of
many bacteria to the presence of a fungus. For example, those
bacteria that had the strongest growth responses to fungi (Cory-
nebacterium, Halomonas, Pseudomonas, Pseudoalteromonas,Figure 6. Bacterial-Fungal Interactions among Cheese Rind Microbial
(A) Bacterial responses to coculture with one of six fungal species. Red aster
abundance in the two-species coculture treatment relative to growth alone (blac
abundance in the two-species coculture treatment relative to growth alone (blac
(B) pH of the cheese curd agar when different fungal species were grown. The pH
uninoculated control (Dunnett’s test, p < 0.0001).
(C) Response of bacterial and fungal species grown alone on cheese curd agar
(D) Fungal responses to coculture with one of 11 bacterial species. Asterisk colo
(E) Photograph of select wells of pairwise interaction assay. Wells with fungi grow
the top show top-down views of the 96-well plate where the surface of the microb
corresponding top-down views showing how pigment production can easily be
See also Figure S6 and Table S6.and Vibrio) also show strong positive growth responses on
cheese curd agar where the pH had been adjusted to neutral
(Figure 6C). The growth of several other bacterial species (Staph-
ylococcus, Arthrobacter, Brevibacterium, Brachybacterium, and
Serratia) was inhibited by the presence of fungi.
In contrast,most of the fungi didnot demonstrate ameasurable
growth response to the presence of bacteria (Figure 6D). An
exception is the response to the bacterium Arthrobacter, which
inhibited the growth of all three filamentous fungi, but not the
three yeast species, demonstrating the presence of specific
bacterial-fungal interactions related to fungal taxonomy. Interest-
ingly, a reddish-pink pigment was secreted into the cheese curd
agar medium when this bacterium grew in the presence of
filamentous fungi (Figures 6E, S6B, and S6C), but not yeast.
Comparison of the results of bacterial-fungal interactions from
our in vitro assays to the predictions based on correlations from
in situ patterns reveals many discrepancies (Table S6). A number
of possible reasons could explain these differences. For
example, in the case of interactions that were predicted from
in situ data but were not observed in vitro, co-occurrence may
be explained by the environmental preferences of individual
species instead of direct interactions. Alternatively, pair-wise
interaction assays may not recapitulate patterns observed
in situ where other species present could contribute to or modu-
late interactions.
Temporal Dynamics of Rind Community Assembly Are
Reproducible and Can Be Recapitulated In Vitro
Understanding the temporal dynamics of microbial community
diversity is essential for dissecting community assembly. In our
survey of rind microbial communities, we considered only one
time point for each cheese (Figure 2). However, the rind biofilm
changes visibly over time (Figure S7A), and previous studies
have observed patterns of microbial succession on the surface
of aging cheeses (Brennan et al., 2002; Fox et al., 2004; Marcel-
lino and Benson, 1992; Mounier et al., 2008). We used amplicon
sequencing tomeasure temporal patterns of bacterial and fungal
diversity of one natural rind community from a cheese made and
aged in Vermont. Intensive sampling of three batches of cheese
over a 63-day aging period demonstrates that patterns of suc-
cession are highly reproducible (Figures 7A and 7B). At the first
time point, the community consisted primarily of Proteobacteria,
thebacteriumLeuconostoc, and the yeastCandida,whichcanbe
found at low levels in raw milk (Quigley et al., 2013). Whereas
Candida persisted in the fungal portion of the community, the
Proteobacteria were succeeded by Staphylococcus within theSpecies
isks indicate a statistically significant (Dunnett’s test, p < 0.05) decrease in
k bars). Green asterisks indicate statistically significant (p < 0.05) increase in
k bars). Bars represent mean (± SE).
of the medium in all fungal treatments was significantly higher compared to the
at pH5 and pH7. Bars represent mean (± SE).
rs correspond to same system used in (A).
n alone and fungi grown with the bacterium Arthrobacter are shown. Panels on
ial biofilm can be seen. Bottom panel shows the underside of each well for the
observed.
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Figure 7. Succession within a Natural Rind Community Is Highly Reproducible
(A and B) Reproducible succession in an in situ rind community was observed as three batches of a natural rind cheese aged (1–63 days).
(A) Relative abundance of community members was determined by amplicon sequencing of bacterial 16S rDNA (top) and the fungal ITS region (bottom). Each
column represents the average of three wheels from the same batch.
(B) The combined data set of 16S rDNA and ITS amplicons was processed in QIIME, and Bray-Curtis dissimilarity was used to generate a principal coordinates
analysis of rind microbial communities. Principal coordinate 1 was plotted versus time. Each point represents the average of triplicate wheels ± SD.
(C and D) Reproducible succession was observed as in vitro natural rind communities aged (0–63 days). CFUs of each species were determined by plating serial
dilutions of homogenized in vitro cheeses in triplicate at each time point.
(C) CFUs were used to determine the relative abundance of bacterial (top) and fungal (bottom) community members.
(D) Growth curves were plotted for each community member. Each point represents the average of triplicates ± SD.
See also Figure S7 and Table S7.first 7 days. As the rinds matured, bacterial taxa Brevibacterium
and Brachybacterium and fungal taxa Penicillium and Sco-
pulariopsis emerged consistently as a significant fraction of the
community (on average, >1% inmature cheeses). Principal coor-
dinate analysis shows a reproducible trajectory of all three com-
munities over time (Figure 7B), with the most rapid changes in
composition occurring at early time points, which is consistent
with previous observations of primary succession (Fierer et al.,
2012; Shade et al., 2013).
In order to work toward defining the mechanisms that govern
succession in a rind community, we recapitulated succession
using in vitro rind communities. We identified six core members
of the in situ natural rind community (Staphylococcus, Brevibac-
terium, Brachybacterium, Candida, Penicillium, and Scopular-
iopsis), defined as taxa present in situ at an average abundance
of >1% in at least 50% of the time points sampled (Table S7). We
inoculated approximately equal numbers of each together onto430 Cell 158, 422–433, July 17, 2014 ª2014 Elsevier Inc.cheese curd agar and followed membership of the in vitro rind
communities over time (Figure S7D). As we observed in situ,
Staphylococcus and Candida dominated in vitro rind commu-
nities at early time points, andBrevibacterium,Brachybacterium,
Penicillium, and Scopulariopsis grew to detectable levels at later
time points (Figures 7C and 7D). Like succession in situ, succes-
sion in vitro was highly reproducible among replicates and ex-
hibited rapid changes in community population size and diversity
at early time points (Figures 7B, 7D, and S7E).
We did observe a few notable differences between succession
in an in situ and an in vitro natural rind community. Succession
appears to proceed much more quickly in vitro, with late-suc-
cessional taxa Brevibacterium and Penicillium appearing at
6–8 days instead of 21 days as observed in situ. The early
appearance of these taxa may be the result of a much higher
initial ratio of late- to early-successional community members
than occurs in situ. Moreover, Penicillium and Brachybacterium
grow to represent a much higher percentage of the community
in vitro than they do in situ. These differences in succession
could reflect differences in environment, or again, differences
in the initial amounts of these species. The pH of the in vitro
cheese rose to 7 by day 10, whereas in situ, pH equilibrated at
6.5 (Figures S7B and S7F).
DISCUSSION
Our work presents cheese rind microbial communities as an
experimentally tractable system for exploring fundamental ques-
tions about how microbial communities assemble and function.
Rind communities are widespread and accessible, and our
in situ work shows that reproducible communities of bacteria
and fungi form in geographically distant parts of the world. Our
in vitro experiments demonstrate that we can culture community
members and then recreate and easily manipulate communities
in the lab. This in situ to in vitro approach enabled us to observe
major patterns of community composition, potential interac-
tions, and patterns of community succession and then experi-
mentally reconstruct communities and begin to test the role
of the abiotic environment and identify species interactions.
The tractability of this system can be leveraged in future studies
to dissect important unresolved questions in microbial ecology,
including the molecular mechanisms of species interactions
within communities, factors that influence the stability of com-
munities, the causes and consequences of evolution within
microbial communities, and the role of stochastic and determin-
istic forces in community formation. Previous work on the micro-
bial diversity of spontaneous food fermentations suggests that
the tractable properties of this system extend tomany fermented
foods (Bokulich et al., 2014; Marsh et al., 2013; Meersman et al.,
2013), which may provide additional microbial systems that can
link in situ analysis of patterns of diversity to in vitro dissection of
community structure and function.
Comparison of the in situ observations (Figures 2, 3E, and 7A)
to in vitro experimental results (Figures 5, 6, and 7C) reveals
several qualitative differences in community composition, suc-
cession, and species interactions. A number of factors could
explain these differences. For example, we assumed equal initial
population sizesof all species for in vitro communities, but it is un-
likely that all community members are present in equal numbers
at the beginning of community formation in situ, as is clear from
our sampling of a nascent rind community (Figure 7A). We gener-
ally chose a single strain to represent each genus observed
in situ, and we excluded rare taxa from our communities; how-
ever, some of these additional members or alternative strains
may have important functional traits that can impact community
composition. In terms of the abiotic environment, the surface to
volume ratio is much higher in our in vitro system than on a wheel
of cheese, which likely raises the effective concentration of me-
tabolites excreted by community members and accelerates the
rate at which nutrient sources are exhausted and pH is modified.
Futurework that focuses on the systematicmanipulation of com-
munity membership, growth substrate, and the environment
could reveal the impact of these factors on community formation.
Due to differences in the type of data collected by the in situ
(sequencing-based) and in vitro (culture-based) approaches, adirect, quantitative comparison of the data was not possible
in this study but could lead to a better understanding of the
commonalities and differences between in situ and in vitro
communities.
Our culture collection and in vitro system provide an opportu-
nity to examine the extent, nature, and mechanisms of species
interactions within communities. Future studies dissecting the
mechanisms of bacterial-fungal interactions could provide
comparative insights into interactions that occur in less tractable
systems where similar pairs of bacteria and fungi co-occur. For
example, many of these microbial communities have substantial
taxonomic similarity with the microbial communities that form on
human skin surfaces (Findley et al., 2013), suggesting that mech-
anisms of community formation discovered in this cheese sys-
tem could directly apply to other microbial biofilms. This work
will be facilitated by genetic tools and other resources that exist
for many of the dominant genera that we detected (e.g., Ku¨ck
and Hoff, 2010; Minhas et al., 2009; Prax et al., 2013).
Cheese rinds are dependent on human intervention in order to
form, and some of the microbes in cheese ecosystems have
signatures of domestication (Cheeseman et al., 2014; Passerini
et al., 2010). However, the domesticated nature of these com-
munities does not detract from their potential to provide impor-
tant insight into microbial community ecology. First, many of
the microbes that co-occur within rind communities also co-
occur in their source environment, such as the teat of a cow or
a cave environment (Engel, 2010; Verdier-Metz et al., 2012)
and have likely undergone evolutionary processes in the same
biotic and abiotic context. The mixing of coevolved community
members with novel species, such as themarine g-Proteobacte-
ria, can provide opportunities to explore evolutionary dynamics
between novel partners within microbial communities. Just as
the study of different varieties of organisms with domesticated
genomes has pointed to key phenotype-genotype correlations
in genome biology (Akey et al., 2010; Vaysse et al., 2011), the
study of these seminatural microbial communities can provide
key links between variation across microbial communities and
the underlying forces shaping this diversity.EXPERIMENTAL PROCEDURES
Sample Collection
For the survey of rind diversity, a total of 362 cheese rind samples were
collected across 137 different types of cheeses by scraping the rind surface
with a sterile razor blade. When possible, we sampled up to three wheels for
each cheese to account for wheel-to-wheel variation. To observe natural
rind succession, a total of 90 rind samples representing triplicate wheels
from three batches at 10 time points were collected. Rind samples were stored
at20C until they were analyzed. Microelectrodes were used to measure pH
and salt, and percent moisture was measured by weighing a small sample of
rind before and after drying for 48 hr at 60C.
Amplicon and Shotgun Metagenomic Sequencing
DNA was extracted from rind samples using a PowerSoil DNA extraction kit
(MoBio, Carlsbad). Bacterial amplicon libraries were prepared by amplifying
the V4 region of 16S rRNA as previously described (Maurice et al., 2013).
The same approach was used for generating ITS amplicons of fungi except
that the primers ITS1f (Gardes and Bruns, 1993) and ITS2 (White et al., 1990)
were used to target the ITS1 region. Amplicon data were analyzed using QIIME
(Caporaso et al., 2010) and LEfSe (Segata et al., 2011). Shotgun libraries wereCell 158, 422–433, July 17, 2014 ª2014 Elsevier Inc. 431
prepared using an Apollo 324 system (IntegenX, Pleasanton) with NEXTflex
DNA barcodes (Bioo Scientific, Austin). For each cheese, 5.2 million se-
quences were uploaded to MG-RAST for annotation (Meyer et al., 2008).
The KEGG database was used to generate annotations (Kanehisa and Goto,
2000). LEfSe was used to identify pathways that were enriched in particular
samples (Segata et al., 2011).
In Vitro Rind Community Experiments
For each in vitro experiment, rind isolates were pooled in PBS and inoculated
onto the surface of 10% cheese curd agar poured into wells of 96-well micro-
plates, which were then sealed with a sterile, breathable film, incubated at
room temperature for 2 days and thenat 12C for the remainder of the incubation
period. To monitor growth, cheese curd agar plugs were removed from the 96-
well plates, homogenized in PBS supplemented with 0.05% Tween 80, serially
diluted, and plated onto appropriate media to determine the number of colony
forming units (CFUs) for each species. Plates were incubated at room tempera-
ture, and after colony and foci formation, CFUs of each strain were counted.
To create divergent rind communities in vitro, 200 cells each of 7 bacterial
species and 4 fungal species that represented the most abundant taxa of each
of the three major rind types were used. One fourth of the experimental com-
munities were not manipulated (control). One fourth of the communities were
inoculated with 50-fold more Galactomyces to approximate the treatment of
bloomy rind cheeses (bloomy). One fourth of the experimental communities
were put into chambers with a desiccant to simulate the drier environment
of natural rind cheeses (natural). The remaining fourth of the experimental com-
munities were washed twice a week with a 20% NaCl solution (washed).
To measure the impacts of coculturing bacteria and fungi in pairwise
combinations, 500 CFUs of each strain was inoculated onto cheese curd
agar to measure growth alone. To measure growth responses to a partner,
we added 500 CFUs of an interacting strain to wells with 500 CFUs of a
responder strain. To measure the impacts of pH on growth, each species
was grown separately in the same in vitro conditions described above with
standard cheese curd agar (pH5) and pH-adjusted cheese curd agar (pH7).
To track in vitro succession, 200 CFUs each of representatives of the six
most abundant bacterial and fungal genera observed during in situ natural
rind succession were used.
Statistical Analysis
Standard statistical analyses were conducted in XLStat (v.2013.5.09), PAST
(v.2.17c), and the Hmisc package in R (v.2.15.2). All data in figures or in text
are presented as mean ± one SEM unless otherwise indicated.
ACCESSION NUMBERS
The MG-RAST accession numbers for the sequencing data reported in
this paper are 4562555.3 for fungal ITS amplicons, 4562556.3 for bacterial
16S rDNA amplicons, and 4524487.3, 4524500.3, 4524498.3, 4524496.3,
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for shotgun metagenomic data. Reference sequences of strains have been
deposited in GenBank. See also Tables S1 and S2A for accession numbers.
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